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ABSTRACT

HIGH LET RADIATION MODULATES AUTOPHAGIC FLUX
IN GLIOBLASTOMA CELLS

Van Ai Bui, MS
Department of Biological Sciences
Northern Illinois University, 2017
Linda Yasui, Director

Glioblastoma (GBM) are highly malignant brain cancers that arise from the astrocytes of
the brain. A diagnosis of GBM forecasts a poor prognosis even with the prescription of
aggressive therapy consisting of surgery and radiation therapy with temozolomide. The average
survival time with therapy is only 15 months with near universal recurrence. New therapeutic
approaches are urgently needed to overcome recurrence. Radiation therapy is a highly effective
treatment modality prescribed for brain cancer. Energy metabolism is altered in cancer cells and
GBM in particular compared to normal surrounding cells. A major adaptation to the altered
metabolism in GBM cells is an adjusted cellular recycling program called autophagy. Thus to
target cancer cells and spare normal surrounding cells, autophagy has been identified as a
prospective therapeutic target. Further, since the ability of autophagy to run to completion
(termed autophagic flux), is a key feature of autophagy, we proposed focusing on this aspect of
autophagy for therapeutic targeting. To test this hypothesis, several methods to assess
autophagic flux were performed at 0, 3, 5 and 7 days after irradiation with conventional photon
irradiation or higher linear energy transfer (LET) fast neutron irradiation. Autophagic flux was

assayed in cells engineered to stably express a tandem autophagy marker protein, LC3B
covalently linked to mCherry and eGFP. Other methods used to measure autophagic flux
included ultrastructural analysis of autophagosomes and both gene and protein expression of
another biomarker of autophagy, p62. Greater success at killing GBM cells was achieved using
high LET radiation therapy. The higher level of cell killing corresponded with a greater
disruption of autophagic flux in U251 GBM cells. On day 7 after fast neutron irradiation, a 3fold increase in p62 expression and an aberrant ultrastructure of autophagosomes were found in
U251 cells, and a significant decrease in p62 protein level was found in U87. These results
strongly indicated that there is an important role for autophagy (in particular autophagic flux) in
radiation induced cell death, especially in response to high LET irradiation.
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CHAPTER 1: INTRODUCTION

Brain Tumors and Glioblastoma Multiforme (GBM)

Brain tumors originate from the cells within the brain substance, neuroglia, neurons,
brain blood vessels, and connective tissues (Robbins, 1979).
Glioma is the most common type of brain cancer and glioblastoma is the deadliest form
of glioma (Ridge, 1990). Glioblastoma multiforme (GBM) originates from one component of the
connective tissue - astrocytes. GBM is characterized by rapid proliferation and aggressive
invasion. GBM has the incidence of 3-4 per 100,000 (D & Ngelis, 2001). GBM was 15-20% of
all primary intracranial tumors (Ridge, 1990) that made it the most common primary brain
cancer. In the United States, the median age at presentation was 64 (Kohler et al., 2011). The
incidence was higher in men than women and was higher with Caucasian and non-Hispanic races
than other races (Thakkar et al., 2014).
The World Health Organization (WHO) categorized GBM as grade IV, the highest grade
(Dodge, 1981). According to “The cancer genome atlas”, GBM can be divided into 4 subtypes:
classical, proneural, mesenchymal and neural tumors (Verhaak et al., 2010). The classical tumors
are found with remarkable high levels of epidermal growth factor receptor (EGFR). The
proneural group has mutations in IDH1 gene, which contributes to cell growth. The
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mesenchymal group is frequently mutated of NF1 tumor suppressor gene. Finally, the neural
tumors account for the rest with mutations in many genes.
Since GBM proliferates quickly, it increases the pressure on the brain and causes
symptoms like persistent headaches, seizures, vomiting, changes in mood or personality, and
double or blurred vision. The diagnosis is confirmed by the pathology report. Currently, the
treatments for GBM consists of three major modalities, called the Stupp regimen. In the Stupp
regimen, surgery is the first treatment, followed by radiation, and chemotherapy (temozolomide)
(Stupp et al., 2005). The Stupp protocol is currently the standard of care (SOC). The application
of the Stupp regimen increased the survival rate from 12.1 months to 14.6 months (Johnson &
O’Neill, 2012; Stupp et al., 2005).
Despite all the combined treatments, the prognosis for GBM patients is still very poor.
Although there are drugs like chloroquine or metformin which are under investigation in clinical
trials (Briceno, Reyes, & Sotelo, 2003; Brocco et al., 2001; Golden et al., 2014) and have some
positive results, a better understanding of GBM as well as novel treatments for it are urgently
needed.

Cell Death Pathways

The main object of cancer treatment is to make to cancer cells to die. There are three
major programmed cell death pathways: apoptosis, autophagy, and necrosis. The three pathways
are distinguished by several features, including cell morphology. Apoptosis is the best
understood and has the fewest side effects in patients. Apoptosis is characterized by cell

3

shrinkage, nuclear condensation, and membrane blebbing (J. F. R. Kerr, 1972; Ouyang et al.,
2012).
Necrosis is featured by clumping of chromatin, organelle swelling, cell swelling, rupture
of nuclei, mitochondria, plasma membrane, and cell lysis and followed by an inflammation
response (Golstein & Kroemer, 2007).
Autophagy is a self-degradation system where proteins or cell organelles are engulfed in
a double-membrane vesicle, the autophagosome. Autophagic cell death is usually recognized by
the presence of autophagic vacuoles in cells. Autophagy is not only a cell death pathway, as it
can also play a pro-survival role under specific conditions. Since autophagy can determine if the
cells will die or survive in different situations, autophagy is a crucial checkpoint in cell survival
(Green, Galluzzi, & Kroemer, 2011).
Apoptosis resistance is an important hallmark of cancer cells. It has been found that
tumors can prevent apoptosis in various ways. Many GBMs are resistant to apoptosis because of
Bcl2-like-12 (Bcl2L12). Bcl2L12 is expressed by almost all GBMs. Bcl2L12 inhibits apoptosis
by suppressing apoptosis downstream signaling from mitochondria (Stegh et al., 2007).
Therefore, understanding the role of autophagy in modulating the cell death pathway in
GBM is essential given that GBM cells exhibits intense resistance to apoptosis (Krakstad &
Chekenya, 2010) and that necrosis pathway with inflammation causes more harm than benefit to
the cells.
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Autophagy

There are three kinds of autophagy: macro-autophagy, micro-autophagy, and chaperonemediated autophagy (CMA). Micro-autophagy is characterized by direct lysosomal membrane
engulfment. In CMA autophagy, only proteins that interact with specific chaperones are
degraded. The kind of autophagy mentioned throughout this thesis, however, is macro-autophagy
(hereafter simply called autophagy). Autophagy starts with all the cell waste content being
wrapped in an organelle called an autophagosome. Afterwards, the autophagosome fuses with a
lysosome to become autophagolysosome (or autolysosome), and the digestive enzymes in the
lysosome degrade all the content inside the autolysosome (Figure 1) (Green et al., 2011).

Figure 1. Three types of autophagy.
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Autophagosome formation includes initiation, nucleation, and elongation. The
components needed for each step are illustrated in Figure 2 (Eliopoulos, Havaki, & Gorgoulis,
2016). The initiation of the phagophore (precursor of autophagosome) membrane requires
ULK1, ATG13, FIP200 and ATG101. After these proteins are activated, other proteins are
recruited to form the double membrane of the phagophore. This step is called nucleation. It
involves Beclin-1, ATG14, and Vps15. The elongation step is follows to engulf cellular material
inside the phagophore. ATG5, ATG12, ATG7 and ATG10 are responsible for the elongation.

Figure 2. Autophagosome formation.
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Autophagy crosstalks with many other pathways that make up autophagy networks. One
of the pathway is mechanistic target of rapamycin (mTOR). mTOR is a serine/threonine protein
kinase that belong to the phosphoinositide 3-kinase (PI3K) related kinase family. mTOR has
function in nutrient regulation, cell growth, and cell proliferation (Fingar et al., 2004). mTOR is
composed of two protein complexes: mTORC1 and mTORC2 (Cafferkey et al., 1993; Laplante
& Sabatini, 2013). The 5’ adenosine monophosphate activated protein kinase (AMPK) is an
enzyme that plays an important role in coordinating cell growth and metabolism (Mihaylova &
Shaw, 2011). Unc-51 like kinase 1 (ULK1) is a serine/threonine protein kinase. Tuberous
sclerosis complex 2 (TSC2) is a regulator of cell growth (Huang & Manning, 2008). The
formation of the phagophore depends on the interaction between TORC1 and AMPK. In a
nutrient-rich condition, the interaction between ULK1 and AMPK is blocked by TORC1 so
autophagy is inhibited. While in a starvation condition, the interaction between ULK1 and
AMPK activates TSC2. TSC2 then inhibits TORC1, and therefore, autophagy is initiated (Figure
3) (Alexander, Kim, & Walker, 2010; Ganley et al., 2009).
mTOR has big impact on autophagy. mTOR can be inhibited in different ways to induce
autophagy. One mechanism for TORC1 inhibition is AMPK independent. GTPase-activating
protein activity toward RAGs (GATOR complex) contains GATOR1 and GATOR2. GATOR
has function in maintaining cell metabolic homeostasis (Wei, Reveal, Cai, & Lilly, 2016).
Sestrins are proteins that respond to stress (Parmigiani et al., 2014). CASTOR is arginine sensors
in TORC1 pathway (Chantranupong et al., 2016). GATOR1 can inhibit TORC1; however, in
normal conditions, GATOR1 is negatively regulated by GATOR2. In a nutrient starvation
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condition, sestrins interact with GATOR2, and this interaction releases GATOR1 from GATOR2
inhibition. GATOR1 then binds and suppresses TORC1, which finally leads to autophagy
initiation (Figure 4) (Kim et al., 2015). TORC1 is a protein complex that is highly related to
nutrient regulation, and different amino acids have opposite effects on how TORC1 is
suppressed. For example, leucine can interrupt the interaction between Sestrins and GATOR2
that results in autophagy inhibition. In contrast, arginine can use CASTOR to release GATOR1
from GATOR2 and initiate autophagy (Chantranupong et al., 2016; Wolfson et al., 2016).
Phosphatase and tensin homolog (PTEN) is a tumor suppressor that regulates cell
division. PTEN gene is frequently mutated in many cancers (Yin & Shen, 2008). It is mutated in
almost half of all glioblastoma (44%) (S. I. Wang et al., 1997). PTEN can up-regulate autophagy
through inhibiting the effect of PI3K/ATK on TORC1 (Arico et al., 2001; S. I. Wang et al.,
1997). Therefore, autophagy is also suppressed in cancers with impaired PTEN (Figure 5).
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Figure 3. Phagophore formation in starvation and nutrient-rich condition.
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Figure 4. MAPK-independent mechanism of TORC1 inhibition.

Figure 5. PTEN activates autophagy through inhibiting PI3K/ATK.
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Autophagy Markers: LC3 and p62

Microtubule-associated protein light chain 3 (LC3) is a soluble protein. During
autophagy, the cytosolic form of LC3 (LC3-I) is modified by linking to Atg7, Atg3 (that has
binding site for phosphatidylethanolamine), phosphatidylethanolamine (PE) to become LC3-II,
which is a lipidated form. This form allows LC3-II to be recruited to the autophagosome
membrane (Taylor & Kirkegaard, 2007). As autophagy proceeds towards completion, LC3-II is
degraded by lysosomal enzymes. Thus, many have used the detection of LC3-II by
immunofluorescence to monitor autophagy (Tanida, Ueno, & Kominami, 2008).
p62 is an adaptor protein between autophagy and its substrate. p62 binds to LC3-II on the
membrane of autophagosomes, and p62 is also degraded at the end of autophagy. The p62
protein structure with its main domains is illustrated in Figure 6 (Lippai & Low, 2014). p62 has
six major domains: PB1, ZZ, TB, LIR, KIR, and UBA. PB1 (N-terminal Phox and Bem1) has
functions of oligomerization with itself or NBR1 and binds to aPKC or ERK1. ZZ (Zinc finger)
domain and TB (TRAF6-binding domain) regulate the NK-kB pathway through interaction with
RIP and TRAF6. The UBA (Ubiquitin-associated) domain and LIR (LC3-interacting region) link
p62 with autophagy substrates. The association of KIR and Keap1 stabilizes and translocates
Nrf2 to the nucleus.
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Figure 6. p62 structure (Lippai & Low, 2014).
Another way to categorize autophagy is bulk degradation and selective autophagy. In
nutrient deprivation, autophagy recycles most of the building blocks and its substrates are nonselective. In other situations, when the cells do not lack nutrients, the cells perform selective
autophagy to maintain the intracellular homeostasis (Zaffagnini & Martens, 2016). p62 serves as
a link between ubiquitinated proteins and the autophagy machinery, and therefore, plays an
important role in selective autophagy.
p62 and autophagic flux level are inversely correlated with each other. Since p62 is
degraded as autophagy happens, a low protein level of p62 indicates a high level of autophagic
flux. The vice versa is also true. When p62 is accumulated, autophagy may have some
impairments. Nowadays, p62 has been widely used as a marker to study autophagy (Bjørkøy et
al., 2009).
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Tumor Suppressor Gene: p53

The tumor protein p53 (also known as phosphoprotein p53, tumor suppressor p53 or
transformation-related protein 53 (TRP53) is encoded by the p53 gene. The name reflects the
fact that the p53 protein has a molecular weight of 53 kilodalton (kDa). The p53 gene is located
on the short arm of chromosome 17 (17p13.1) (McBride, Merry, & Givol, 1986).
p53 is referred as the “guardian of the genome” based on its critical role in maintaining
genomic stability and strictly suppressing tumor formation. p53 is a transcription factor and it is
involved in different processes such as cell-cycle arrest, DNA damage repair, programmed cell
death (Weinberg, 2013). The level of p53 is regulated by ubiquitin ligases like MDM2 (Honda,
Tanaka, & Yasuda, 1997). The number of genes that are regulated by p53 is estimated to be more
than 3,600 (Li et al., 2013). p53 is the most frequently mutated gene in human tumors (Surget,
Khoury, & Bourdon, 2013) as well as GBM (28%) (Ohgaki & Kleihues, 2007). Mutant p53 in
GBM is also strongly associated with a poor prognosis and a decrease in chemotherapy efficacy
(X. Wang et al., 2014).

Autophagy – DNA Damage Response (DDR) Network

DNA damage response (DDR) (Jackson & Bartek, 2009) is an important mechanism to
maintain the integrity of cellular genome. When DDR is impaired, an accumulation of mutation
occurs that lead to cancer. Since DDR has strong relevance to cancer pathology, the relationship
between DDR and autophagy is worth considering. DDR includesmolecules involved in sensing,

13

signaling and repairing DNA lesions (Figure 7). If the lesion cannot be repaired, it may lead to
cell death (Roos, Thomas, & Kaina, 2015). When DNA is damaged, it leads to the relaxation of
chromatin through histone modification which is catalyzed by poly ADP-ribose polymerase
(PARP). This chromatin relaxation provides access to DDR sensors like the Mre11-Rad51-Nbs1
(MRN) complex, which bind to DSBs (double strand breaks), and recruit ATM (a
serine/threonine kinase) or replication protein A (RPA), which binds to single strand breaks
(SSBs) and recruits ATR (a serine/threonine kinase). A DNA double strand break is considered a
lethal lesion. The relaxation also results in transcription and replication freezing (Figure 8,
Figure 9) (Lukas, Lukas, & Bartek, 2011).
Published research provided proof that DNA damage could trigger autophagy.
Autophagy can be induced through AMPK activation. ATM, which is a sensor of DSBs, also can
activate AMPK. AMPK also can positively regulate ULK1 to support phagophore formation
(Figure 10) (Alexander, Cai, et al., 2010). DNA damage can induce AMPK activation through
PARP1. When PARP1 is activated, it leads to low levels of NAD+ and ATP. Decreased ATP
levels also can activate AMPK (Figure 11) (Rodríguez-Vargas et al., 2012).

Figure 7. DNA damage repair process.
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p53 plays an important role in linking autophagy and DDR. p53 can positively regulate
AMPK directly or indirectly through sestrins (Budanov & Karin, 2009; Feng et al., 2007). p53
also up-regulates PTEN, and PTEN inhibits TORC1 (Stambolic et al., 2001). p53 can activate
death-associated protein kinase (DAPK – a stress-regulated protein kinase (Cao & Klionsky,
2007)), which causes Beclin1 release from BCL2. Beclin 1, a mammalian orthologue of yeast
Atg6, functions in the nucleation stage in autophagic phagophore formation (Cao & Klionsky,
2007). Finally, p53 activates 3-phosphoinositide dependent protein kinase (PKD), which leads to
PI3K initiation and autophagy activation (Figure 12) (Zalckvar, Berissi, Eisenstein, & Kimchi,
2009).

Figure 8. DDR process after DNA lesion occurs.
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Figure 9. Proteins recruitment to DNA lesion.

Figure 10. DNA damage can activate autophagy through ATM.
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Figure 11. DNA damage can activate autophagy through PARP1.

Figure 12. Autophagy activation through p53.
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p62 - MTOR

mTORC1 includes mTOR, Raptor, and mLTS8/GbL (Guertin & Sabatini, 2007).
mTORC1 is inhibited by rapamycin and plays an important role in growth regulation. mTORC1
has two conditions: active condition (binds GTP) or inactive condition (binds GDP). In its active
form, Rheb is the stimulator of mTORC1 and is suppressed by GAP or TSC1/2 (Guertin &
Sabatini, 2007). Another regulator of Rheb is Akt. Moreover, amino acids signals can induce the
translocation of mTORC1 to the lysosomal surface and activate it (Dunlop & Tee, 2009). The
translocation process is independent of PI3K/Akt and dependent on Ragulator, v-ATPase,
GATOR1/2, and Rag GTPases. Another complex is mTORC2 which includes mTOR, Rictor,
mSIn1, and protor (Figure 13).

Figure 13. mTORC1 and mTORC2.
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p62 was identified to bind raptor of mTORC1. p62 also interacts with Rag and regulates
the formation of the active Rag heterodimer. Moreover, p62 colocalizes with mTORC1 during
mTORC1 recruitment to lysosomes. Since p62 tightly associates with the mTOR pathway, an
increased level of p62 has been found in many human cancers. p62 depletion can induce
autophagy as leucine deprivation can (Guertin & Sabatini, 2007).

Different Types of Radiation

Radiation is a very crucial modality in cancer treatment. It is one in three major
modalities (surgery and chemotherapy). It was suggested that radiation should be prescribed for
50% of all cancer patients (Delaney, Jacob, Featherstone, & Barton, 2005).
Radiation is the emission or transmission of energy in the form of waves or particles
through space or through a material medium. In GBM treatment, surgery is usually the first
modality to remove as much as possible the tumor mass.
The second modalities are radiation and chemotherapy. Two types of radiation used
clinically for cancer treatments are photon radiation (X-rays and gamma rays) or particle
radiation (electrons, protons, neutrons, heavy charged particles). Some types of radiation are
considered to have more energy.
Gamma radiation was first discovered by Paul Villard. Gamma rays have frequencies
above 1019 Hz, energies about 100 keV, and wavelength less than 10 -11 m. Gamma ray emission
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happens when an excited atomic nucleus emits photons during the decay process to a stable and
lower energy state.
Particle radiation, like fast neutron irradiation, is used to treat many kinds of cancer.
Neutrons have no charges and its pattern of energy deposition in tissue is dense or in other
words, enerny deposition is high LET (linear energy transfer). Little experimental evidence to
prove how fast neutron radiation works better than gamma radiation exists. Our project is one of
the first that provides some inside about this problem.
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CHAPTER 2: MATERIALS AND METHODS

Cell Maintenance and Culture

Two GBM cells were used for this study. U87 cells (formally known as U87MG) were
first obtained from a 44-year-old female stage four cancer patient (Clark et al., 2010). U251 cells
were collected from a male patient diagnosed with malignant astrocytoma (Westermark, Ponten,
& Hugosson, 1973). Both cell lines were established at the Wallenberg laboratory, in Uppsala,
Sweden. U251 cells are p53 defective, and U87 cells have wild-type p53 (Ponten & Westermark,
1978). Based on the Cancer Genome Atlas (TCGA) network study on GBM, U87 is categorized
as mesenchymal subgroup, and U251 is categorized as proneural subgroup (Verhaak et al.,
2010).
Cells were maintained monolayer in T25 flasks or 100 mm petri plates in DMEM
(Dulbecco’s Modified Eagles Medium) (Invitrogen, Carlsbad, CA, USA): F12 (Invitrogen,
Carlsbad, CA, USA) (1:1), 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA), penicillin
(100 units/ml), and streptomycin (0.5 mg/ml). The culture conditions were 37oC in an humidified
incubator with 5% CO2. The medium was changed every two days. The cells were collected by
trypsinizing cells with 0.0625% trypsin in Hank’s buffered saline solution (HBSS: 13.41 M
KCl, 0.441 M KH2PO4, 0.137 M NaCl, 0.15 M NaH2PO4 and 5.51 M glucose, without Ca2+
or Mg2+) and 0.1 mg/ml versene (EDTA). In brief, the employed medium was discarded and 2
ml of trypsin was added to rinse out the medium. After discarding the trypsin, 1ml of new trypsin
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and 0.1 ml of versene were added to the cells and then incubated at 37oC for two minutes. The
petri plates were tapped by hand to fully release the cells from the plates. To collect the cells, 5
ml of fresh medium was added three times (1 ml – 2 ml – 2 ml) and then cells were transferred to
centrifuge tubes. The cells were then centrifuged for two minutes at 1000 rpm at 4 oC. After
decanting the medium, the cells were re-suspended by pipetting, and the cell number was
determined by hemocytometer counting.

Constructing New Genetically Modified Cell Lines

Plasmid Origin and Growing Bacteria

pBABE-puro plasmids, originally derived from Moloney murine leukemia virus
(MoMuLV), are an advanced mammalian transfer gene that produces high titter retroviral
vectors that contain multiple drug selection markers (Morgenstern & Land, 1990). The plasmid,
pBABE-puro-LC3B-eGFP-mCherry, was obtained from Addgene (Cambridge, MA, USA). The
plasmid was deposited into Addgene by Jayanta Debnath (Addgene plasmid #22418). The
plasmid was supplied in E. coli strain, DH5. The bacterial resistance is ampicillin, and the
selectable marker for this plasmid is puromycin (Figure 14). The plasmid was shipped as
bacterial stab at room temperature.
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Figure 14. pBABE-puro-LC3B-eGFP-mCherry gene map (N'Diaye EN, 2009).
The stock bacteria were stored at -80oC and was streaked on 100 mm Luria broth (LB) –
agar plates (1% NaCl, 1% Tryptone, 0.5% g Yeast extract, 1.5% Agar). Ampicillin was added to
the growth medium at a final concentration of 1 l/ml to select for cells containing plasmid. The
plates were incubated at 37oC overnight for the colonies to grow. One single bacterial clone from
the plate was picked up to grow in liquid LB medium (1% NaCl, 1% Tryptone, 0.5% Yeast
Extract) with added ampicillin at 37oC for 16 hours in a shaker (100 rotations per minute). A
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sidearm culture was prepared next containing 20 ml of LB broth and 1 g/ml ampicillin. One ml
of bacteria-containing medium from the overnight culture was added to the side-arm flask (500
ml). To determine turbidity (KU), a Klett-Summerson photoelectric colorimeter was used. The
DH5 bacteria carrying the pBABE-puro-LC3B-eGFP-mCherry plasmid usually took 3 to 4
hours to grow up to 80% of the exponential growth curve.

Plasmid Isolation From Bacteria

The QIA prep Spin miniprep Kit 250 (Qiagen, Germantown, MD, USA) was used to
extract plasmids from bacteria. This miniprep is based on alkaline lysis prototcol. DNA
collection is silica-absorbed under high salt concentration. Firstly, 1 ml of medium containing
bacteria was added in a microfuge tube, then the tube was centrifuged at 16,000 rpm for 1
minute. The supernatant was removed using a pipette. The buffer P1 (1 ml) was mixed with 1 l
of LyseBlue reagent (color indicator that provides visual proof of optimum buffer mixing) to a
final concentration of 1 l/ml. The mixture (250 l) was added to the pellet, and the sample was
re-suspended up and down a couple times. The buffer P2 (250 l) was added and mixed by
inverting the tube (less than five minutes). The suspension turned blue. The buffer N3 (350 l)
was added and mixed by inverting the tube. All trace of blue should disappear. The tube was
centrifuged for 10 minutes at 13,000 rpm (179xg) at room temperature. The supernatant was
applied to the spin column by decanting. The column was centrifuged for one minute, and the
flow-through was discarded. PB (0.5 ml) and PE (0.75 ml) were then used to wash the spin
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column. The column finally was placed in a sterile 1.5 ml microfuge tube, and 50 l of buffer EB
was added, followed by centrifuging to collect the plasmid.

Plasmid Concentration and Purity Check
The extracted plasmid was stored at 4oC. To check the concentration of the plasmid and
any possible protein contamination, the OD reading for the sample was determined using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The ratio of
absorbance at 260/280 (nm) was used to assess the protein contamination of the DNA plasmid.
All the samples that had the ratio between 1.8 – 2 were considered pure and were used for further
experiments.
The plasmid samples were checked for any DNA contamination by electrophoresis. The
agarose used was 0.7% SeaKem LE agarose (FMC Co., Rockland, Maine, USA) with 0.2 g/ml
Ethidium bromide (Sigma Chemical Co., St. Louis, MO, USA). The buffer was 1X TAE (2.35%
Tris base (Thermo Fisher Scientific, Waltham, MA, USA), 0. 58% acetic acid, 0.14% EDTA).
The restriction enzyme EcoRI (Promega, Madison, WI, USA) was used restrict the plasmid at
one position. The agarose was run at 150 voltage for 30 minutes. Both the original samples and
samples treated with restriction enzyme were loaded in the same gel. The photo of the agarose
was taken by Kodak gel logic 200 imaging system (Kodak, Rochester, NY, USA) and the
software was Kodak 1D 3.6.
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To concentrate the plasmid samples, 2 volumes of 100% ethanol and 1/10 volume of 3M
Na acetate (pH 4.8) were added to the DNA solution. The tube was stored at -20oC overnight and
then centrifuged at 15,000 rpm for 15 minutes at room temperature. The supernatant was poured
out, and the tube was opened and put upside down on a clean brown paper towel to blot the
residual supernatant. The pellet inside the tube was then washed by adding 70% ethanol and a
sterile pipette tip was used to dislodge the pellet. The tube was centrifuged again at 15,000 rpm
for five minutes. The supernatant was poured out, and the tube was flipped upside down on
another clean brown paper towel again. The pellet was then dried with the Savant SpeedVac
SC110 (Thermo Fisher Scientific, Waltham, MA, USA) for 15 minutes. After the pellet was
completely dry, the DNA was re-suspended with 50 l TE (in 100 ml: 1 ml of 1M Tris HCl pH
8, 0.2 ml of 0.5 M EDTA, H2O) and stored at 4oC.

pCMV-VSV-G Plasmid

The pCMV-VSV-G plasmid was obtained from addgene. pCMV-VSV-G was deposited
in Addgene by Robert Weinberge (plasmid #8454). VSVG is viral envelope protein, it can be
used with lentiviral and MuLV vectors. The plasmid was supplied in E. coli strain, DH5. The
bacterial resistance is ampicillin. The plasmid was shipped as bacterial stab at room temperature.
The plasmid was streaked on 100 mm Luria broth (LB) – agar plates. Ampicillin was
added to the growth medium at a final concentration of 1 l/ml to select for cells containing
plasmid. The plates were incubated at 37oC overnight for the colonies to grow. One single
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bacterial clone from the plate was picked up to grow in liquid LB medium at 37 oC for 16 hours
in a shaker (100 rotations per minute). A sidearm culture was prepared next containing 20 ml of
LB broth and 1 g/ml ampicillin. One ml of bacteria-containing medium from overnight culture
was added to a side-arm glass (500 ml). To determine turbidity (KU), a Klett-Summerson
photoelectric colorimeter was used. The bacteria usually took 3 to 4 hours to grow up to 80% of
the exponential growth curve.

Figure 15. pCMV-VSV-G plasmid gene map (Stewart SA, 2003).
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The plasmid isolation was performed with QIA prep Spin miniprep Kit 250. The plasmid
protein and DNA contamination was checked by NanoDrop2000 spectrophotometer and
electrophoresis with restriction enzyme BgIII (Promega, Madison, WI, USA) (Figure 15). The
plasmid was then concentrated to 500 ng/l and stored at -20oC.

Transfection

DNA transfection was done by plating 100,000-200,000 GP2-293 cells one day before
transfection in a 35-mm petri plate with 2.5 ml of complete growth medium (DMEM
supplemented with 10% fetal bovine serum) without antibiotics. GP2-293 cells were originally
cultured from human embryonic kidney (HEK) cells. They were transformed with adenovirus
type 5 DNA. The cells were engineered so they expressed MoMuLV Gag and Pol proteins. Gag
and Pol are viral packaging genes. GP2-293 cells can produce retrovirus if the viral envelop is
supplied in the transduction. The plate was 80% confluency at the time of transfection. TransIT
transfection reagent (Mirus, Madison, WI, USA) was warmed up to room temperature
immediately before the transfection. Opti-MEM reduced serum (250 l) (Invitrogen, Carlsbad,
CA, USA) medium was placed in a microfuge tube and then 1.25 l of VSV-G plasmid
(500ng/l), 1.25 l of pBABE-puro-LC3B-eGFP-mCherry plasmid (1g/l) were added. To the
dilute DNA mixture, 7.5 l of TransIT reagent was added avoiding contacts with the sides of the
plastic tube). The tube was incubated at room temperature for 30 minutes. The plasmids and
TransIT solution was added dropwise to different areas of the GP2-293 cell plate. The plate was
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incubated at 37oC for 72 hours for the retrovirus to be produced. To harvest the retroviral
supernatant, a 5-ml syringe was used to collect all the medium. The medium was expelled
through a 0.2 m pore sized sterilizing filter unit (mixed esters of cellulose (MCE)) (Thermo
Fisher Scientific, Waltham, MA, USA) and collected in a 15-ml centrifuge tube. The retroviral
stock was stored in microfuge tubes containing 200 l medium/tube at -20oC.

Transduction

The transduction process started with placing 800,000 U87 cells or 700,000 U251 cells
into each of 6 - 60 mm petri plates containing 2 ml of medium one day before adding retrovirus.
A conical tube with 20 ml of complete medium and 60 l polybrene 4 mg/ml was prepared. This
solution was added 1.35 ml to each of 6 sterile microfuge tubes (labeled number 1 to 6). Then
150 l of virus stock was added to the tube 1. The tube was mixed gently by inverting, and 150
l from tube 1 was transferred to tube 2. The serial dilution was continued to the tube 6. Finally,
1 ml from each of 6 tubes above was added to 6 prepared plates of U87 (or U251). All the plates
were incubated at 37oC for 24 hours. The medium was discarded, and 2 ml of fresh medium was
added to each plate containing puromycin (1 l/ml added to U251 cells or 0.5 l/ml added to
U87 cells) to start the selection. The medium was changed every 2 days and puromycin was
continued to be added until colonies were detected (10 – 14 days).

29

Confirmation of Successful Transduction

The results of the transfection/transduction steps were confirmed by confocal laser
scanning microscopy (CLSM). To prepare cells for imaging, engineered cells were trypsinized
and placed into 35 mm petri plates containing a no. 1.5 coverslip (22 mm sq) (Corning, Corning,
NY, USA) 1 day before imaging. The plate contained 2 ml of medium with added puromycin. To
make a chamber slide to image live cells, small chips were made by cutting coverslips into small
square pieces. Four small chips were then glued onto glass slides using nail polish. The medium
(80 l) from the petri plate was pipetted onto the glass slide without air bubbles. Forceps were
used to pick up the coverslip containing cells. The coverslip was blotted on the paper towel to
absorb medium at the back of the coverslip. The back of the coverslip was wiped with kimwipe
paper. The coverslip was placed on the chamber slide cell side down. The mounting medium was
DMEM: F12 with 10% fetal bovine serum. There was no mismatch between the path of light
through the cells or mounting medium. The chamber was sealed using nail polish and filled with
medium and cells. Imaging was done immediately after the slides were made. Cells were imaged
using a Zeiss axiovert 100M, LSM 5 Pascal confocal laser scanning system (Zeiss, Thornwood,
NY, USA). The immersion oil was Zeiss Immersol 518F. The images were acquired using with a
40 X objective lens, 1024 x 1024 pixel sampling size and 8-bit data depth. The interval between
z-stacks was 0.5 m. For each cell treatment, data from at least 30 cells was collected.
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Freezing the U87 and U251 LC3-eGFP-mCherry Cells

As a backup source, the U87 and U251 LC3-eGFP-mCherry cells were frozen. The cells
were first trypsinized as usual. After re-suspending the cells, the cell number was determined by
hemocytometer counting. The cells were centrifuged again and re-suspended thoroughly for the
final concentration of 1,000,000 in 0.9 ml of medium. DMSO was added to make 10% of final
solution (0.1 ml DMSO was added to 0.9 ml of medium containing cells. The final solution was
transferred (1,000,000 cells – 1 ml solution) into a sterile cryogenic vial. The vial was put in cell
freezing chamber containing isopropanol. The chamber was put in the -80oC freezer overnight
and the cell vials were moved to liquid nitrogen storage tank for long term storage.

p62 Gene Expression Measurement by qPCR

To study the gene expression levels of p62 after exposure to radiation, qPCR was
performed. The p62 gene expression directly affects p62 protein level. If the gene expression is
the same among days after treatment, then the changes in protein levels can be explained by the
radiation. There were 4 cell lines prepared for qPCR: U87, U251 and the genetically engineered
U87, U251 LC3-eGFP-mCherry.

Samples Collection
The cells were trypsinized as usual and placed in 7 – 60 mm petri plates labeled Day 0,
Day 3, 5, 7 untreated and Day 3, 5, 7 with 10 Gy irradiation. The numbers of cells plated for
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each cell line and day are indicated in the table below (Table 1). Different numbers of cells were
plated so that approximately 106 cells were collected when they were harvested.
The cells were irradiated using cesium 137 (137Cs) irradiator. The dose-rate was 1.75 Gy
per minute. The samples received a dose of 10 Gy in 5 minutes 43 seconds. The radioactive
isotope 137Cs has a half-life of about 30.17 years and decays by beta particle emission to produce
an energetic gamma photon. The 137Cs source resides in a Gammator 50 that is regularly
calibrated using thermoluminescent dosimetry (TLD) chips. Uniform dose is delivered while the
turntable in the chamber of the Gammator 50 rotates. All the plates with treatment were
irradiated 1 day after plating the cells.
The cells were collected by trypsinization, re-suspended by pipetting with Dulbecco’s
phosphate-buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA), centrifuged again, and then
the PBS was discarded. All the pelleted samples were finally stored in microfuge tube containing
500,000 cells/tube at -80oC.
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Table 1. Number of U87 or U251 cells seeded for experiment.
U87
Control
Day 0

U251
Treated

Control

1,000,000

Treated
1,000,000

Day 3

250,000

650,000

200,000

500,000

Day 5

150,000

550,000

150,000

400,000

Day 7

100,000

450,000

100,000

350,000

Table 2. Number of U87 or U251 LC3-eGFP-mCherry cells seeded for experiment.
U87 LC3-eGFP-mCherry
Control
Day 0

Treated

U251 LC3-eGFP-mCherry
Control

1,000,000

Treated
1,000,000

Day 3

300,000

700,000

200,000

600,000

Day 5

200,000

600,000

150,000

500,000

Day 7

150,000

500,000

100,000

450,000

RNA Extraction

The RNA extraction from the samples was done using a PureLink RNA mini KIT
(Ambion by Life technologies, Carlsbad, CA, USA). Firstly, the Lysis Buffer was mixed with 2mercaptoethanol (1%). The frozen pellet sample was mixed with 600 l Lysis Buffer mixture,
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and the pellet was ground thoroughly using a sterile pestle. The lysed pellet was transferred to a
new microfuge tube. To wash the pestle and the tube which was used for cell lysis, 600 l of
70% ethanol was used and then added to the new microfuge tube containing the lysed pellet. The
sample was transferred to the spin cartridge (600 l per time), and the spin cartridge was
centrifuged at 12,000xg for 30 seconds at room temperature. The flow-through was discarded.
The Wash Buffer I was added (700 l) to the spin cartridge. The spin cartridge was centrifuged
(using the same condition above) and placed in a new collection tube. The Wash Buffer II was
mixed with 100% ethanol at a ratio of 1:4 and 500 l of the mixture was added to the spin
cartridge. The spin cartridge was centrifuged again (same condition as above), and the flowthrough was discarded. This washing step was repeated one more time. The spin cartridge was
centrifuged at 12,000xg for two minutes to dry the membrane with bound RNA and then inserted
into a recovery tube. The RNase-free water (50 l) was added to the spin cartridge, followed by
incubation at room temperature for 1 minute. The spin cartridge was centrifuged at 12,000xg for
2 minutes at room temperature. This step was repeated one more time. Lastly, the recovered
RNA stock was stored at -4oC.

RNA Electrophoresis

Electrophoresis was performed to confirm the RNA extraction result. The gel used in the
experiment was 1% agarose gel in 1X TAE (Tris base (Thermo Fisher Scientific, Waltham, MA,
USA) -acetate-EDTA, pH = 8.3) buffer. The gel ran for 30 minutes at 125 volts. The marker was
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O’gene Ruller 1kb DNA ladder (Thermo Fisher Scientific, Waltham, MA, USA). The picture of
the gel was acquired using the Kodak gel logic 200 imaging system. RNA bands were analyzed
using the Kodak 1D 3.6 software. The 2 bands of rRNA were also detected and net intensity was
measured. Since the concentration of the marker was well known, based on any band of the
marker, the concentration of RNA could be calculated by comparing net intensity values of the
molecular weight marker versus the net intensity of the RNA bands. After estimating the RNA
concentration, 1000 ng of RNA from each sample was used for DNase treatment.

DNase Treatment

DNAse treatment was performed to get rid of all DNA contamination in the sample by
using RQ1 RNase-free DNase Kit (Promega, Madison, WI, USA). The DNase reactions were
done at 37oC in 2720 cycler (Thermo Fisher Scientific, Waltham, MA, USA) for 1 hour. The
2720 cycler is a thermal cycler with 96 wells for 0.2 ml tubes. At the end of the hour digestion,
the stop solution (Promega, Madison, WI, USA) was added (1/10 volume) to the sample, and the
sample was put back to the cycler at 65oC for 10 minutes to melt the RNA. The RNA was
precipitated by adding 2 volumes of 100% ethanol and 1/10 volume of 3M Na acetate (pH 4.8) to
the RNA solution. The tube was placed at -20oC to precipitate the RNA overnight and then
centrifuged at 15,000 rpm for 15 minutes at room temperature. The supernatant was poured out,
and the tube was opened and put upside down on a clean brown paper towel to blot the residual
supernatant. The pellet inside the tube was then washed by adding 70% ethanol and a sterile
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pipette tip was used to dislodge the pellet. The tube was centrifuged again at 15,000 rpm for 5
minutes. The supernatant was poured out, and the tube was flipped upside down on another clean
brown paper towel again. The pellet was then dried with the SpeedVac for 15 minutes. After
drying the RNA in the SpeedVac, the RNA was re-suspended in 12 l of DEPC
diethylpyrocarbonate (DEPC) (Sigma Chemical Co., St. Louis, MO, USA)-treated water. The
0.05% DEPC water was incubated overnight, autoclaved, and stored at -20oC before it was added
to the samples. The volume of DEPC water for the re-suspension remained the same for all
samples.

cDNA Synthesis

From the DNA-free sample, the RNA sample was reverse transcribed to cDNA by
MMLV reverse transcriptases (Promega, Madison, WI, USA). The RNA sample (5 l) was
mixed with 1 l of decamer (Sigma Chemical Co., St. Louis, MO, USA) and 7.5 l of water. The
RNA mixture was heated up in the 2720 thermocycler at 70oC for five minutes, then cooled
down to 10oC. Then 0.5 l RNAsin inhibitor, 5 l 5X RT reaction buffer, 5 l 2.5mM dNTPs,
and 1 l of MMLV reverse transcriptases (all from Promega, Madison, WI, USA) were added to
the RNA mixture. The final mixture was incubated for one hour at 42oC, five minutes at 95oC,
then hold at 10oC. The newly synthesized cDNA was diluted 5 times with H2O for qPCR.
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qPCR

The primer for p62 was designed based on primers used by Sahani et al (2014). The
primer was modified by replacing 12 bases at the 5’ end of the forward primer by 3 new bases
and adding 24 new bases at the 3’ end of the same primer. With the reverse primer, 3 bases at 5’
end was cut and 21 new bases was added at 3’ end using Oligo Analyzer tool (Integrated DNA
technologies), purchased from Sigma Chemical Co. (St. Louis, MO, USA). The final primer
sequences used in the experiments were:
Fw 5’- GAT GGA GTC GGA TAA CTG TTC AGG AGG AGA TG – 3’
Rs 5’ - GAT TCT GGC ATC TGT AGG GAC TGG AGT TCA CC – 3’
Finally, qPCR was done with SYBR Green Jumpstart Taq ReadyMix (Sigma Chemical
Co., St. Louis, MO, USA). The qPCR was run using a 55oC annealing temperature for 30
seconds and 60-second extension in a Stratagene Mx3000P machine and MxPro – Mx3000P
software.

p62 Protein Level Measurement by Western Blot

Samples Collection

Immunoblot detection of the p62 protein level was performed as previously described by
us (Yasui LS, 2016). For Western Blot experiments, the cells were set up as the same way as the
qPCR experiment and on the day of collection, the cells were trypsinized as usual. After
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counting the cell number, the cells were centrifuged and washed twice with 5ml of filter
sterilized Dulbecco’s phosphate buffered saline (PBS). After that, the solubilization buffer (50%
2x solubilization buffer, 2% EDTA, 1% protease inhibitor cocktail, 10% NaF, 0.5% Na
orthovandate, 36.5% H20) was added to give a final concentration of 107 cells/ml. Then the
sample was sonicated with 5 – 1 second pulses at 50% duty cycle in the heat systems ultrasonics
W-385 sonicator (Qsonica, Newtown, Connecticut, USA). The cells were collected in microfuge
tubes with 10 l/tube (100,000 cells/tube) and frozen at -80oC.

Western Blot

A 12% SDS PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel was
used. All the chemicals for SDS PAGE gel were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The 12% resolving gel was composed of 4 ml H20, 2.4 ml gel buffer (1.5 M Tris,
0.4% SDS, pH 8.8), 50 l 10% ammonium persulfate (APS), 4.5 l tetra methyl ethylene
diamine (TEMED), and 3.2 ml 33.33% acrylamide. The stacking gel was made of 3.1 ml H20,
1.25 ml gel buffer (0.5 M Tris, 0.4% SDS, pH 6.8), 7 l TEMED, 25 l 10% APS, and 0.6 ml
33.33% acrylamide. The cells were prepared for loading onto the gel by adding 1:1 ratio of 2x
sample buffer and then 2 l of 1.0M dithiothreitol (DTT) and then heated to 100oC for 3 minutes.
The SDS page gel was run in 1 liter SDS running buffer (0.3% Tris base, 1.4% Glycine and 0.1%
SDS) in a Hoefer miniVE (Thermo Fisher Scientific, Waltham, MA, USA). The power supply
was EC 250-90 (E-C Apparatus Corporation, Milford, Massachusetts, USA). The samples were
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run through stacking gel at 80V for 75 minutes and then the voltage was increased to 150V to
separate the protein bands in the resolving gel (45 minutes). The color protein marker used in
experiment was PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, MA,
USA) and 5 l of molecular weight marker was used in all SDS page gels.
Transfer of proteins from the SDS PAGE gel to the nitrocellulose membrane (Bio-rad
laboratories, Hercules, CA, USA) was done at 350 mA in transfer buffer containing SDS (0.29%
39 mM glycine, 0.58% 48 mMTris base, 0.037% SDS), 20% methanol) for 2 hours. The order
from the anode to the cathode was 2 sponges, 2 filter papers, nitrocellulose membrane, SDS
PAGE gel, 2 filter papers, 2 sponges. The chamber was Hoefer miniVE. The power supply was
Thermo Fisher scientific EC300XL. After transfer, the SDS page gel was stained with 0.125%
Coomassie blue (0.125% Coomassie Blue, 50% methanol, 10% acetic acid in H2O). The gel was
destained overnight in destaining solution (20% methanol, 10% acetic acid, 70% ddH2O) in a
diffusion destainer overnight.
After removal of the membrane from the blot apparatus, the nitrocellulose membrane was
stained with 10% ponceau S for 10 minutes to visualize the transferred bands. Before antibody
staining, the ponceau S stain was removed by washing twice with Tris buffered saline (TBS,
0.6% 50 mM Tris HCl, 0.867% NaCl, pH = 7.5) -tween20 (0.02% tween20) and 1 time with 15
ml milk-TBS–tween20 (0.02% tween, 3% dry milk) on a shaker (5 minutes).
The nitrocellulose membrane was put in a zip lock bag containing p62 primary antibody
(Promega, Madison, WI, USA) and milk – TBS – tween20 at a ratio of 1:1000, with agitation at
4oC overnight. The membrane was washed with milk–TBS–tween20 twice and TBS–tween20
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twice, then was stained with anti-rabbit alkaline phosphatase (AP) conjugate (Promega, Madison,
WI, USA) for 1 hour at a ratio of 1:7500 antibody: milk – TBS – tween20. The membranes were
then washed twice with milk–TBS–tween20, TBS – tween20 and TBS and stained with AP color
development kit (Bio-rad laboratories, Hercules, CA, USA). The bands indicating p62 were in
purple color.

Immunoblot Imaging and Data Analysis

The nitrocellulose membranes were imaged using the same Kodak gel logic Imaging
system and Kodak 1D 3.6 imaging analysis software described above. The lanes and bands were
detected and net intensity of the bands were determined. All the values were then normalized
based on their ratio with the net intensity value for day 0. All western blot experiments were
replicated with at least 2 biological replications and 2 technical repeats. The standard error of
mean was calculated and analysis of variance (ANOVA) was performed.

Autophagic Flux Measurement by Visualization of Autophagosome Puncta

LC3-eGFP-mCherry expressing U87 or U251 cells were plated (200,000 cells) onto
coverslips in 35 mm petri plates containing complete medium. The cells were irradiated with 10
Gy gamma radiation or sham irradiated. At various days after irradiation, CLSM image data was
collected as described previously.
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The image data was analyzed using LSM Image Browser (version 4.2.0.121) software
(Zeiss, Thornwood, NY, USA). Thirty individual single cells were circled manually, extracted
and saved as a new .tif file for each treatment. The image was split into the red fluorescence
image, green fluorescence image, visible light image and overlay image. The visible light
channel was turned off. One z-stack containing puncta that were bright and easy to see was
selected for scoring the number of red, green, yellow puncta. ANOVA test was performed using
GraphPad Prism 7 (GraphPad software, La Jolla, CA, USA), followed by a post hoc Tukey test if
a difference was found by ANOVA.

Gamma and Fast Neutron Irradiation Comparison

The cells used in this experiment were U87 LC3-eGFP-mCherry or U251 LC3-eGFPmCherry cells. The experiments performed were surviving fraction, p62 gene expression, p62
protein level, TEM imaging. Fast neutron irradiation conditions were described previously by us
(L. Yasui & Owens, 2012).
The experiments were set up the same as described in the qPCR and Western Blot
sections (Section 2 and 3). The selected fast neutron radiation doses produced the same
clonogenic response as the 10 Gy gamma radiation exposure.
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TEM Imaging

Fixation of the Cells

Transmission electron microscopy (TEM) is the gold standard technique to authenticate
cellular autophagy (Kang et al., 2012). Autophagasomes are multi-membranebound organelles
that contain cellular cargoes. Processing steps for ultrastructural analysis of autophagosomes
using TEM was performed as previously described by us (L. Yasui & Owens, 2012). The cells
were trypsinized as usual and cell pellet was resuspended in DPBS and then transferred to a 1.5
ml microfuge tube. The primary fixation was with 1.5% glutaraldehyde (Ted Pella Inc., Redding,
CA, USA) in 0.1 M sodium cacodylic acid (Sigma Chemical Co., St. Louis, MO, USA) for one
hour. After that, the cells were washed with 0.15 M sodium cacodylic acid. Secondary fixation
was with 1% OsO4 (Ted Pella Inc., Redding, CA, USA) in 0.125 M sodium cacodylic acid for
one hour at room temperature. At the end of the secondary fixation, cells were pelleted and
resuspended in 70% acetone.

Cell Dehydration

The cell samples were serially dehydrated through sequentially increasing concentrations
of acetone (70%, 90%, 95% and 100%) as previously described (L. Yasui & Owens, 2012).
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Cell Embedding

The samples were then infiltrated with Spurrs expoxy resin (Polysciences, Warrington,
PA, USA) through a series of increasing concentrations of Spurrs epoxy resin (1:3, 1:1, 3:1
Spurrs:acetone) to finally 100% Spurrs overnight. The next day, the samples were placed into
BEEM capsules (Ted Pella, Inc., Redding, CA, USA) that were then filled with Spurrs epoxy
resin. The Spurrs epoxy resin was then polymerized at 70oC for 8 hours.

Trimming and Sectioning

Cell samples embedded in the Spurrs epoxy resin enabled thin sectioning. Cell samples
were removed from the BEEM capsules and rough trimmed into a rhombus. Samples were
sectioned using a Reichert OmU2 Ultramicrotome. Sections (approximately 90 nm thick) were
collected onto 200 mesh copper grids. Sections were stained with 5% uranyl acetate and 0.01%
lead citrate for 5 minutes each.
TEM Imaging

A Hitachi H600 Electron microscope was used to acquire TEM images. At least 30
images were collected for each treatment using a SIA L12C – 16 MP CCD digital camera and
the SIA Micrograph MaxIm DL 5 software. Image data were saved in “.tif” file format. A
qualifying autophagasome visibly contained cellular cargo enclosed by multiple membranes. The
majority of images were collected at 5000X magnification. The total number of autophagasomes
by day for controls versus total autophagasomes by day by treatment group were subjected to
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statistical analysis using ANOVA analysis performed by GraphPad Prism 7 (GraphPad software,
La Jolla, CA, USA). If a difference was found, a post-hoc Tukey test was performed.
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CHAPTER 3: RESULTS

Constructing New Genetically Modified Cell Lines

The DH5 bacteria carrying the plasmid of interest were streaked onto an agar plate and
allowed to form colonies overnight in a 37oC incubator (Figure 16). One colony was picked to
grow in a 5-ml tube culture for 16 hours. After the 16-hour culture, the cell number was
amplified to 80% up the exponential growth curve at 37oC with shaking in a side arm growth
flask for 4 hours. These cells were collected for plasmid isolation.
After the plasmid was isolated, the concentration and purity of the plasmid were checked
using Nanodrop2000 spectrophotometer. The concentration of plasmid varied between 100 to
300 ng/l, and all the samples had a 260/280 ratio value between 1.8 – 2 (Figure 17) indicating
minimal to no protein contamination in the plasmid sample.
The plasmid samples were checked for DNA contamination by electrophoresis. The
original samples and samples treated with the restriction enzyme EcoRI were loaded onto the
same gel. All the samples showed one clear band, and the original plasmids ran further than the
plasmids which were cut by EcoRI (Figure 18). The Nanodrop and electrophoresis results
showed that all the samples were pure, had no contamination, and qualified to be used for
concentration. The plasmid sample was concentrated to 1 g/l for the transfection.
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Figure 16. Bacteria carrying plasmid LC3-eGFP-mCherry grown on agar LB plate.

Figure 17. Concentration and purity of the plasmid samples were checked by Nanodrop2000.
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Figure 18. Electrophoresis result of plasmid LC3-eGFP-mCherry with restriction enzyme EcoRI.
For the isolated VSV-G plasmid, the plasmid was also checked with Nanodrop and
electrophoresis (Figure 19, Figure 20). Then, the VSV-G plasmid sample was concentrated to
500 ng/l.
The transfection lasted for 72 hours and the transduction lasted for 24 hours. After the
transfection/transduction, the cells were put under selection with puromycin (0.5 l/ml for U87
LC3-eGFP-mCherry and 1 l/ml for U251 LC3-eGFP-mCherry). After 10 – 14 days, colonies
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were detected for both transfected U87 and U251 cell cultures. Successful
transfection/transduction steps were confirmed visually by CLSM imaging of expressed eGFP
and mCherry producing green and red fluorescence, respectively (Figure 21). Both U87 and
U251 LC3-eGFP-mCherry cells exhibited clear and high intensity of red and green fluorescence.
In U87 LC3-eGFP-mCherry cells, the red and green fluorescence accumulated neatly in the
puncta. In U251 LC3-eGFP-mCherry cells, both the green and red fluorescence was more
diffusely spread over the cytoplasm with less distinct puncta. The transfection/transfection steps
were repeated four times using the same retrovirus and the results were consistent. The
fluorescence was checked every month and both U87 and U251 cells retained their fluorescence
for more than a year.
In summary, durable genetically engineered U87 and U251 cells expressing the tandem
autophagy reporter protein, as visualized by the green and red fluorescence, were successfully
produced.

Figure 19. Concentration and 260/280 ratio of VSV-G plasmid samples.
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Figure 20. Electrophoresis agarose of VSV-G with BgIII restriction enzyme.
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Figure 21. Expression of the tandem autophagy reporter, LC3-eGFP-mCherry in U87 and U251
cells. A. U87 LC3-eGFP-mCherry cells after transduction/transfection B. U251 LC3-eGFPmCherry cells after transduction/transfection C. U87 LC3-eGFP-mCherry cells after one year D.
U251 LC3-eGFP-mCherry cells after one year.
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p62 Gene Expression

To describe autophagic flux, p62 gene expression was performed. The samples were
collected on day 0, 3, 5, and 7 after exposure to irradiation or sham treatment as planned, and the
cell number was determined by hemocytometer counting (Table 3). The cells were frozen as
pellets of 500,000 cells/pellet.

Table 3. Number of U87 and U251 LC3-eGFP-mCherry cells collected for qPCR experiments.
U87
0 Gy

U251
10 Gy

0 Gy

10 Gy

Day 0

500,000 cells

500,000 cells

Day 3

1,130,000 cells

730,000 cells

1,110,000 cells

1,100,000 cells

Day 5

1,660,000 cells

500,000 cells

1,360,000 cells

790,000 cells

Day 7

1,560,000 cells

550,000 cells

1,400,000 cells

820,000 cells

After the RNA extraction, electrophoresis was performed to check RNA quality. Each
sample showed two clear bands on the gel (Figure 22). The agarose gel confirmed the RNA
extraction results and provided an estimation of RNA concentration.
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Figure 22. Electrophoresis gel to confirm RNA extraction.

From the raw qPCR data, the delta ct values and 2 negative exponential values were
calculated. The housekeeping gene used to normalize the data against was glyceraldehyde 3phosphate dehydrogenase (GAPDH). GAPDH gene expression remained the same for all
treatments. The expression level of the sample on Day 0 was used as control to normalize other
samples. The mean values of 2 negative exponents of delta ct +/- standard error of mean was
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plotted in Figure 23. For each cell line (U87 and U251 LC3-eGFP-mCherry), 2 biological and 2
technical repeats were performed. Lastly, a statistical ANOVA test was done, and no significant
difference between values was detected for the p62 gene expression of untreated control U87
cells. Untreated control U251 cells had a statistically significant difference between the day 0
sample and the day 5 sample (p =0.0295). The comparison of p62 gene expression between the
unengineered and genetically modified U87 and U251 cell lines was plotted in Figure 25, 26. Ttest analysis was performed. There were no significant differences found in both U87 LC3eGFP-mCherry cells and U251 LC3-eGFP-mCherry cells compared to unengineered U87 and
U251 cells. This result suggests that the genetically modified U87 and U251 LC3-eGFPmCherry are metabolically the same as the original U87 and U251 cell lines.
In both unengineered U251 cells and U251 LC3-eGFP-mCherry cells, p62 gene
expression increased in later days after exposure to irradiation. In contrast, both unengineered
U87 cells and U87 LC3-eGFP-mCherry cells had the p62 gene expression levels remained the
same after exposure to irradiation.
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Figure 23. p62 gene expression in unengineered U87 cells with 10 Gy gamma irradiation (left)
and U251 cells with 10 Gy gamma irradiation (right). For each cell line, 2 biological and 2
technical repeats were performed. The graphs plot the mean values of the repeats +/- SEM.

Figure 24. p62 gene expression of U87 LC3-eGFP-mCherry with 10 Gy gamma radiation (left)
and U251 LC3-eGFP-mCherry with 10 Gy gamma radiation (right). For each cell line, 2
biological and 2 technical repeats were performed. The graphs plot the mean values of the
repeats +/- SEM.
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Figure 25. Comparison of p62 gene expression between unengineered U87 cells and U87 LC3eGFP-mCherry cells. For each cell line, 2 biological and 2 technical repeats were performed. The
graphs plot the mean values of the repeats +/- SEM.

Figure 26. Comparison of p62 gene expression between unengineered U251 cells and U251
LC3-eGFP-mCherry cells. For each cell line, 2 biological and 2 technical repeats were
performed. The graphs plot the mean values of the repeats +/- SEM.
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p62 Protein Level

Another way to study autophagic flux and the effect of radiation on autophagic flux was
to measure p62 protein levels. The experiment design for Western Blot employed the same
number of cells (100,000 cells/sample). After the protein bands were transferred to the
nitrocellulose membrane, the nitrocellulose membrane was stained with 10% ponceau S to
visualize the bands, and a photo was taken to confirm the transfer result (Figure 27). The
nitrocellulose membrane was incubated with p62 antibody overnight, and after using AP color
development to detect the bands, a photo was also taken (Figure 28). The SDS page gel was
stained with Coomassive blue and put in the destainer overnight to show the lack of protein
bands in the transferred gel. A representative image is shown in Figure 29.
Bands for p62 showed up on nitrocellulose membrane at the correct molecular weight.
The band intensity was measured using Kodak 1D 3.6 software. Two separate experiments were
performed and for each experiment, 2 technical repeats were performed. The average value and
standard error of mean were plotted in the graph (Figure 30).
In conclusion, 10 Gy gamma irradiation does not change p62 protein levels in both U87
and U251 LC3-eGFP-mCherry cell lines.
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Figure 27. Nitrocellulose membrane stained with 10% ponceau S.

Figure 28. p62 bands in a representative nitrocellulose membrane of U87 LC3-eGFP-mCherry
cells exposed to 10 Gy gamma rays or sham treated on 0, 3, 5, and 7 days after treatment.
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Figure 29. A representative image of a Coomassie Blue stained SDS PAGE gel that had
undergone transfer to nitrocellulose showing transfer of all polypeptide bands except for very
high molecular weight proteins.
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Figure 30. p62 protein level in U87 LC3-eGFP-mCherry with 10 Gy gamma irradiation(left) and
U251 LC3-eGFP-mCherry with 10 Gy gamma irradiation (right). For U87 LC3-eGFP-mCherry
cells, 2 biological and 2 technical repeats were performed. For U251 LC3-eGFP-mCherry cells,
3 biological and 2 technical repeats were performed. The graphs plot the mean values of the
repeats +/- SEM.

Measuring Autophagic Flux

At the early stage of the process of autophagy, the pH of autophagosomes are neutral.
Therefore, the overlap of the red and green fluorescence makes the puncta look yellow. At the
late stage of autophagy, when the autophagosome fuses with a lysosome, the pH decreases. The
green fluorescence is quenched, and only the red fluorescence remains (L. S. Yasui et al., 2016).
Scoring the number of red, green, yellow puncta as well as the ratio of red/yellow puncta is the
way to measure autophagic flux. The number of red, green, and yellow puncta were determined
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on day 0, 3, 5, 7 after irradiation with 10 Gy gamma radiation. The average number of all red,
green and yellow puncta was increased by radiation in comparison with untreated cells.
However, there were no significant differences between red, green or yellow puncta in the same
day of the same treatment.

Figure 31. Autophagosomes scoring in U87 LC3-eGFP-mCherry cells control (untreated) (top)
and U87 LC3-eGFP-mCherry cells with 10 Gy gamma irradiation (bottom). The average number
of puncta +/- SEM was plotted.
The ratio of red/yellow puncta was calculated to measure autophagic flux rate. The
averaged value was calculated from at least 30 cells and the SEM was plotted. For U87 control
group, ANOVA analysis indicated no difference between the means for day 1, 3 and 7. The U87
cells treated with 10 Gy gamma irradiation, there was a significant difference between the means
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of the irradiated samples compared to the un-irradiated sample. A post-hoc Tukey test specified a
significant difference between day 1 and day 1 10 Gy (p<0.0001), day 1 and day 3 10 Gy
(p=0.0012), and day 1 and day 7 10 Gy (p=0.0283). With U251, the autophagy flux was not
changed in the control group but autophagy was affected by gamma irradiation (Figure 34).

Figure 32. Autophagosomes scoring in U251 LC3-eGFP-mCherry cells control (untreated) (top)
and U251 LC3-eGFP-mCherry with 10 Gy gamma irradiation (bottom). The average number of
puncta +/- SEM was plotted.
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Figure 33. Autophagy flux measurement in U87 LC3-eGFP-mCherry cells control (left) and U87
LC3-eGFP-mCherry cells with 10 Gy gamma irradiation (right). The ratio of red puncta/yellow
puncta +/- SEM was plotted.

Figure 34. Autophagy flux measurement in U251 LC3-eGFP-mCherry cells control (left) and
U251 LC3-eGFP-mCherry cells with 10 Gy gamma irradiation (right). The ratio of red
puncta/yellow puncta +/- SEM was plotted.
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Gamma and Fast Neutron Irradiation Comparison

Two experiments, p62 gene expression and p62 protein level, were performed to compare
treatment results between fast neutron and gamma radiation. ANOVA analysis was run and a
post-hoc Tukey test was performed. With gamma radiation, no significant different difference in
p62 gene expression or for p62 protein level was found with time, indicating that even a high
dose of 10 Gy gamma radiation does not change autophagic flux in either U87 or U251 cells.
In contrast, in response to fast neutron radiation, even though U87 LC3-eGFP-mCherry
cell gene expression did not show any difference with time, the p62 protein level progressively
decreased significantly on day 3, 5, and 7 (Figure 35). The reduction of p62 protein level
suggested that autophagy proceeded at a higher level in fast neutron irradiated cells compared to
cells exposed to exposure to gamma radiation in U87 cells. In U251 LC3-eGFP-mCherry cells,
p62 gene expression increased significantly on day 3, 5, 7 but the protein level stayed the same
(Figure 36). This result suggests that message for p62 was produced at a higher level, but the
protein level did not change.
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Figure 35. p62 gene expression in U87 LC3-eGFP-mCherry cells after exposure to A. Gamma
irradiation B. Fast neutron irradiation. p62 protein level in U87 LC3-eGFP-mCherry cells after
exposure to C. Gamma irradiation D. Fast neutron irradiation. For each cell line and each
treatment, two biological and two technical repeats were performed. The graphs plot the mean
values of the repeats +/- SEM. Significant differences were found in p62 protein levels in U87
LC3-eGFP-mCherry treated with fast neutron irradiation Day 0 vs Day 3 (p=0.0322), Day 0 vs
Day 5 (p=0.0182), Day 0 vs Day 7 (p=0.0064).
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Figure 36. p62 gene expression in U251 LC3-eGFP-mCherry cells after exposure to A. Gamma
irradiation B. Fast neutron irradiation. p62 protein level in U251 LC3-eGFP-mCherry cells after
exposure to C. Gamma irradiation D. Fast neutron irradiation. For each cell line and each
treatment, 2 biological and 2 technical repeats were performed. The graphs plot the mean values
of the repeats +/- SEM. Significant differences were found in p62 gene expression in U251 LC3eGFP-mCherry treated with fast neutron irradiation Day 0 vs Day 3 (p=0.0003), Day 0 vs Day 5
(p=0.0007), Day 0 vs Day 7 (p=0.0086).
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TEM Imaging

The TEM imaging was perform for original U87, U251, the LC3-eGFP-mCherry U87
and U251after sham treatment or exposure to gamma rays or fast neutrons. In U251 LC3-eGFPmCherry cells treated with fast neutron irradiation on 7 days prior, complex, gigantic
autophagosomes were detected. This image also another proof that support of the puncta
analysis, the qPCR and Western blot data that suggest higher level of autophagy.

Figure 37. Image of U251 LC3-eGFP-mCherry before irradiation (left) and after 7 days 10 Gy
gamma irradiation (right).
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Figure 38. Image of U251 LC3-eGFP-mCherry after 7 days 2 Gy fast neutron irradiation (Yasui
& Owens, 2012).
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CHAPTER 4: DISCUSSION

Transfection/Transduction Results

The successful transfection/transduction of U87 or U251 cells was confirmed with LSCM
10 to 14 days after the transduction. Results from 4 separate repeats of the experiment show the
same results. In each repeat, the process started from the growing of bacteria that carried the
pBABE-puro LC3-eGFP-mCherry plasmid. In all 4 repeats, both U87 and U251 LC3-eGFPmCherry had bright, clear red and green fluorescence. This result indicate that the plasmid was
successfully integrated into the genome of U87 and U251 brain cancer cells. In U87 LC3-eGFPmCherry cells, the fluorescence located neatly within puncta while in U251 LC3-eGFP-mCherry
cells had the fluorescence spread much more widely inside the cytoplasm. This difference might
be due to the different metabolism of two cell lines. The U87 has wild-type p53 while U251 was
p53 mutated. The U87 and U251 LC3-eGFP-mCherry in the first experiment maintained their
fluorescence well within 1 year. After that, the fluorescence started to fade gradually. With the
other 3 repeats, the fluorescence remained the same for more than a year.
With the first transfection/transduction, the U251 LC3-eGFP-mCherry exhibited greater
red fluorescence intensity compared to the green fluorescence. However, the other 3 repeats
showed stronger green fluorescence intensity. This variety was based on the picked-up colony of
bacteria carrying the LC3-eGFP-mCherry for the plasmid isolation.
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In conclusion, all 4 transductions/transfections successfully created new genetically
engineered U87 and U251 brain cancer cell lines (called U87 and U251 LC3-eGFP-mCherry)
that express red and green fluorescence associated with LC3 protein localized to the
autophagosome. The fluorescence was bright, stable and can be detected with LSCM. The ratio
of the fluorescence changed based on different stages of autophagy. Therefore, the new cell lines
provided a new model to investigate autophagy in different stages.

U87 and U251 LC3-eGFP-mCherry as a Model to Study Autophagy

To compare the original U87 and U251 with the new genetically modified U87 and U251
LC3-eGFP-mCherry, clonogenic survival assays that were performed in the Yasui lab showed
that the new genetically modified U87 and U251 exhibited no change in survival from the
original cell lines with both gamma irradiation (Figure 39) or fast neutron irradiation (Figure 40)
(Yasui et al., 2016). The p62 gene expression and protein level were also considered. As the goal
for the new cell lines as a model to study autophagy, p62 was appropriately used in these
experiments since it is one of the most popular markers for autophagy. To investigate the effect
of radiation on autophagy, both the original and engineered cells had control and radiation
treatment groups.
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Figure 39. Clonogenic assay with gamma irradiation U87 wild-type and U87 LC3-eGFPmCherry (left) and U251 wild-type and U251 LC3-eGFP-mCherry (right).

Figure 40. Clonogenic assay with fast neutron irradiation U87 wild-type and U87 LC3-eGFPmCherry (left) and U251 wild-type and U251 LC3-eGFP-mCherry (right).
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In both unengineered U87 and U87 LC3-eGFP-mCherry, the p62 protein level slightly
increased on day 3 and day 5 after exposure to 10 Gy gamma irradiation and then decreased on
day 7. There were no statistically significant differences in p62 protein level in U87 LC3-eGFPmCherry compared to the unengineered U87 cells (Figure 41). The p62 gene expression of these
2 U87 cell lines was compared earlier in the Result section also showed no differences. The
comparison of p62 protein level was also performed between unengineered U251 and U251
LC3-eGFP-mCherry. There were no statistically significant differences found (Figure 42). The
p62 gene expression comparison was compared in Result section. There were also no significant
differences detected.

Figure 41. p62 protein level comparison between unengineered U87 cells and U87 LC3-eGFPmCherry cells. For each cell line, 2 biological replicates and 2 technical repeats were performed.
The average value was plotted +/- SEM.
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Figure 42. p62 protein level comparison between unengineered U87 cells and U87 LC3-eGFPmCherry cells. For each cell line, 2 biological replicates and 2 technical repeats were performed.
The average value was plotted +/- SEM.
In conclusion, through comparisons in clonogenic assays, p62 gene expression and p62
protein level, the new genetically engineered cell lines showed the same features of metabolism
especially in the way that the cells proceed through autophagy compared to the original U87 and
U251 cells. Therefore, the U87 and U251 LC3-eGFP-mCherry are a reliable and robust model to
study autophagy.

Comparison between Gamma and Fast Neutron Irradiation

The experiments to compare effects of gamma or fast neutron radiation were performed
with the genetically engineered U87 and U251 cells lines. The cells were treated with 10 Gy
gamma irradiation or a dose of fast neutrons that produced the same clonogenic response as fast
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neutrons (U87 cells were exposed to 2.5 Gy and U251 cells were exposed to 5 Gy fast neutrons).
Less dose was delivered in the fast neutron experiments because fast neutron irradiation is a high
LET radiation and its relative biological effectiveness is 3. p62 gene expression and p62 protein
level were considered.
With gamma radiation, both U87 and U251 LC3-eGFP-mCherry did not show any
significant difference in p62 gene expression and protein level for all the time points (day 0, 3, 5,
7). Therefore, it cannot be concluded that gamma radiation altered p62 in these cell lines.
With fast neutron radiation, even though U87 LC3-eGFP-mCherry cells did not exhibit
any changes in gene expression, the p62 protein levels were significantly different between
different days after treatment. The p62 protein levels on day 3, day 5, day 7 were statistically
significantly different from day 0 (with p<0.05, 0<0.05 and p<0.01 respectively). The overall
trend for p62 protein level was downward. This trend suggested that p62 was degraded much
more in later days after treatment. Since the p62 protein level and autophagy shows an inverse
relationship, these data suggest that fast neutron radiation induces a higher level of autophagic
flux in comparison with gamma radiation in U87 cells.
In contrast, U251 LC3-eGFP-mCherry treated with fast neutron showed a significant
increase in p62 gene expression on day 3, 5, 7 comparing with day 0 (p<0.001). However, p62
protein level did not change in all days after treatment. This suggests that the increased p62
message was degraded or rapidly turned over in day 3, 5, 7.
In conclusion, fast neutron irradiation modulated autophagy and/or the cellular stress
response in U87 and U251 LC3-eGFP-mCherry cells in comparison with gamma irradiation. A
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higher level of reactive oxygen species (ROS) produced by densely ionizing high LET fast
neutron irradiation may contribute to the overall responses in GBM cells.

The Differences between U87 and U251 Cell Lines

One difference between U87 and U251 is p53 status. While U87 is p53 wild-type, U251
is p53 mutated. U87 and U251 both showed their sensitivity toward gamma radiation. The
sensitivity was illustrated by the surviving fraction. The survival fraction of U87 both wild-type
and LC3-eGFP-mCherry cells decreased from 100% (no treatment) to around 1% with 10 Gy
gamma irradiation treatment. U251 cells were more sensitive to gamma radiation as their
survival fraction decreased to only 0.1% from exposure to 10 Gy gamma irradiation. With fast
neutron irradiation, both U87 and U251, wild-type and LC3-eGFP-mCherry cell lines showed a
similar trend that the survival fraction decreased to 0.1% with only 5 Gy. The wild-type and
genetically modified U87 and U251 cells showed no difference in the sensitivity to both gamma
and fast neutron irradiation.
Comparing wild-type U87 and U251 cell lines, the p62 gene expression in U87 showed
no changes with or without gamma irradiation. On the other hand, p62 gene expression in U251
cells was significantly higher on day 5 compared with day 0. However, this difference was the
same with or without treatment. The p62 protein level of U87 decreased while p62 protein level
of U251 elevated on day 3 after treatment. The protein levels on other days (day 5, 7) showed no
significant differences.
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Comparing genetically modified U87 and U251 LC3-eGFP-mCherry cell lines, the p62
gene expression and protein level showed no differences for all cell lines with 10 Gy gamma
irradiation treatment. This suggested that 10 Gy gamma irradiation had no effect on the p62
autophagy marker protein in U87 and U251 LC3-eGFP-mCherry cells. However, with 2 Gy fast
neutron irradiation, U251 LC3-eGFP-mCherry cells showed significantly increased p62 gene
expression and U87 LC3-eGFP-mCherry cells showed significantly decreased p62 protein levels.
This result strongly supports our conclusion that fast neutron had remarkable effect on U87 and
U251 LC3-eGFP-mCherry and fast neutron induced higher level of autophagy in brain cancer
cells.
In conclusion, the difference between U87 and U251 both wild-type and genetically
engineered cell lines might be due to their p53 status and other genetic differences identified by
TCGA.

p62 – Nuclear Factor Erytheroid – Derived-2-like 2 (NRF2)

Higher LET radiation like fast neutrons produce a higher concentration of reactive
oxygen species and therefore, the oxidative stress pathway (Nrf2 pathway) should be considered.
In autophagy network, p62 has been proven to link autophagy and Nrf2 pathway (Jiang et al.,
2015). The nuclear protein complex Nrf2-Kelch-like ECH-associated protein 1 (Keap1)antioxidant response element (ARE) signaling pathway protects the cells against oxidative and
xenobiotic stress (Itoh, Ishii, Wakabayashi, & Yamamoto, 1999). In normal condition, Nrf2 is
regulated by Keap1. In stress condition, Keap1 is modified that leads to Nrf2 ubiquitylation
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inhibition. Nrf2 accumulates and translocates into the nucleus to activate AREs gene
transcription (Dinkova-Kostova et al., 2002). Two other E3 ubiquitin ligases that can also
regulate Nrf2 are Cul1-Rbx1-TrCP (Chowdhry et al., 2013; Rada et al., 2011) and Hrd1 (an
integral endoplasmic reticulum membrane) (Wu et al., 2014).
p62 was found to activate Nrf2 by targeting Keap1 for degradation through autophagy.
p62 interacts with Keap1 through KIR domain in p62 (Komatsu et al., 2010). The prolonged
Nrf2 activation through p62 mechanism was proven to be pathogenic and contribute to
chemoresistance (Lau, Villeneuve, Sun, Wong, & Zhang, 2008; X.-J. Wang et al., 2008).
In brief, p62 targets Keap1 for autophagic degradation that leads to Nrf2 activation. Since
this prolonged activation is pathogenic, the p62 levels is suggested to be suppressed.

Figure 43. Nrf2 signaling pathway (Jiang et al., 2015).
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